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Purpose: To report the long-term observations of the electrode–tissue interface and
perceptual stability in humans after chronic stimulation with a 44-channel supra-
choroidal retinal implant.

Methods: Four subjects (S1–4) with end-stage retinitis pigmentosa received the
implant unilaterally (NCT03406416). Electrode impedances, electrode–retina distance
(measured using optical coherence tomography imaging), and perceptual thresholds
were monitored up to 181 weeks after implantation as the subjects used the prosthesis
in the laboratory and in daily life. Stimulation charge density was limited to 32 μC/cm2

per phase.

Results: Electrode impedances were stable longitudinally. The electrode–retina
distances increased after surgery and then stabilized, and were well-described by
an asymptotic exponential model. The stabilization of electrode–retina distances was
variable between subjects, stabilizing after 45 weeks for S1, 63 weeks for S2, and 24
weeks for S3 (linear regression; Pgradient > 0.05). For S4, a statistically significant increase
in electrode–retina distance persisted (P < 0.05), but by the study end point the rate of
increase was clinically insignificant (exponential model: 0.33 μm/wk). Perceptual electri-
cal thresholds were stable in one subject, decreased over time in two subjects (linear
model; P < 0.05), and increased slightly in one subject but remained within the prede-
fined charge limits (P = 0.02).

Conclusions:Chronic stimulationwith the suprachoroidal retinal prosthesis over 3 years
resulted in stable impedances, small individual changes in perceptual electrical thresh-
olds, and no clinically significant increase in electrode–retina distances after a period of
settling after surgery.

Translational Relevance: Chronic stimulation with the 44-channel suprachoroidal
retinal implant with a charge density of up to 32 μC/cm2 per phase is suitable for long-
term use in humans.
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Introduction

Retinal prostheses can provide artificial vision to
those with profound vision loss owing to retinal
degenerative diseases such as retinitis pigmentosa.1–3
This goal is achieved by electrically stimulating the
retina using implanted electrodes to evoke artificial
percepts, termed phosphenes. For optimal outcomes,
phosphenes should be reproducible—the response of
the retina to an arbitrary stimulation sequence should
remain stable over time.

One factor that can affect evoked responses and
their reproducibility is the electrode–tissue interface,
which modifies how charge is transferred from the
electrode into the surrounding tissue, and ultimately
determines perceptual thresholds.4 The electrode–
tissue interface is the result of complex interplay
of many factors, including cellular and physiologi-
cal factors that are difficult to observe in vivo. The
distance from the electrode to the retina is one factor
that is readily observable in living subjects via optical
coherence tomography (OCT) imaging. The electrical
impedance of the electrode is also readily measurable
and is sensitive to changes in the electrode–tissue inter-
face.5

The interplay between perceptual thresholds,
electrode–retina distance, and impedance has been
described in previous studies. Perceptual thresholds
have been reported to increase with electrode–retina
distance in epiretinal implant recipients6–9 and supra-
choroidal retinal implant recipients.10 This increase
happens because the target neurons are further from
the concentrated electrical fields near the electrode
when the electrode–retina distance is great. Electrode
impedance has also been shown to be correlated with
perceptual thresholds and inversely correlated with
the electrode–retina distance and can also be affected
by the presence of fluid and fibrotic tissue, which can
potentially increase during inflammation.6–10 Inflam-
mation can occur in tissue surrounding implants
and may potentially be exacerbated owing to chronic
electrical stimulation. Furthermore, these relationships
may be confounded by variables such as the location of
the electrode on the retina (with respect to the fovea)
and the severity of retinal degeneration in the vicinity
of specific electrodes.

A prototype suprachoroidal retinal implant
was trialed by our group between 2012 and 2014
(NCT01603576). Phosphenes were elicited reliably in
a laboratory environment, and the device provided
improvement in visual function tasks.11,12 Despite
the general success of the prototype, we observed
that perceptual thresholds increased over the course

of the study, accompanied by steadily increasing
electrode–retina distances.10 It was hypothesized that
electrical stimulation with the implant triggered an
inflammatory response or increased the thickness
of the fibrotic capsule, causing the electrode–retina
distance to increase. This hypothesis in turn led to a
compounding effect of increased perceptual thresh-
olds, requiring even higher levels of stimulation,
leading to further inflammation or fibrosis. Perceptual
thresholds remained within the stimulator’s compli-
ance for the 24-month study period, after which the
study protocol mandated explantation of the percuta-
neous connector. Nevertheless, there was concern that
perceptual thresholds may have eventually increased to
a point that it was no longer possible to reliably elicit
phosphenes, had the study continued for longer.

The development of a second-generation fully
implantable suprachoroidal retinal prosthesis
prompted further preclinical investigation to more
accurately determine tolerable levels of chronic stimu-
lation.13–15 On the basis of these studies, the safe
charge density limits were revised from 237 μC/cm2

in the prototype trial to 32 μC/cm2. This difference
was achieved by increasing the electrode diameter
(now ø1 mm compared with 0.6 mm and 0.4 mm) and
decreasing the maximum allowable charge per phase.
The maximum stimulation rate was also decreased
from 400 to 50 pulses per second. It is expected that
electrode–retina distances and perceptual thresholds
will remain stable when stimulation is limited within
these parameters.

A clinical trial of the second-generation supra-
choroidal retinal prosthesis commenced in Febru-
ary 2018 (NCT03406416). Four participants were
implanted with the prosthesis and used it both in the
laboratory and unsupervised in their daily lives. Stimu-
lation was within the revised charge density limits
defined elsewhere in this article. All four subjects
perceived phosphenes in response to electrical stimu-
lation with the implant, and the prosthesis provided
functional vision improvements and meaningful assis-
tance in activities of daily living.16–18 For these practi-
cal benefits to be sustained in the long term, it is impor-
tant that chronic stimulation with the implant does not
lead to a loss of device functionality owing to changes
in the electrode–tissue interface.

The present study reports long-term observations
of the electrode-tissue interface in four human subjects
implanted with the second-generation suprachoroidal
retinal prosthesis. Electrode–retina distance, electrode
impedance, and perceptual threshold measure-
ments were collected over approximately 3 years.
We aim to assess the stability of perception and the
electrode–tissue interface to determinewhether chronic
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stimulation within the pre-established limits leads to
any adverse physiological reactions or impacts the
long-term device usability.

Methods

Participants

This study presents data from four adult human
subjects (S1–S4) who participated in the clinical
trial of a 44-channel suprachoroidal retinal implant
(NCT03406416) between 2018 and 2021.16–18 The
subjects were profoundly blind (bare light perception
only) from end-stage retinitis pigmentosa and had the
suprachoroidal retinal prosthesis implanted unilater-
ally in 2018 (Table 1). Device fitting commenced 8
weeks postoperatively, followed by training in labora-
tory and real-world environments and a minimum of
2 years of regular outcome measure assessments.16–18
During this time the subjects used the prosthesis
unsupervised in their daily lives and regularly visited
the laboratory for training, functional vision assess-
ment, and OCT imaging. Table 1 summarizes the
subject demographics and the length of observation for
each subject. Owing to the coronavirus disease 2019
(COVID-19) pandemic, there were differences in the
timing of the study end point between subjects. The
studywas approved by theRoyal Victorian Eye andEar
Hospital Human Research and Ethics Committee and
was carried out in accordance with the tenets of the
Declaration of Helsinki with the informed consent of
all participants.

Suprachoroidal Retinal Prosthesis

The implantable components of the prosthesis
comprise an array of 44 platinum disk electrodes
(ø 1 mm) embedded in silicone, implanted in the

suprachoroidal space, connected via subcutaneous
cabling to two implanted stimulator units embedded
in the skull behind the ear.16 The surgical proce-
dure is fully described in previous publications from
our group.11,19 Infrared fundus imaging showing the
array position for subject S3 is displayed in Figure 1,
with the electrodes visible as bright circles in the
image, beneath the semitranslucent retina. Implant
locations for all participants are shown in Supplemen-
tary Figure S1. Visual input to the system is provided
by a camera mounted on a pair of spectacles. Images
from the camera are processed by an externally worn
portable vision processing unit, which then delivers
stimulation commands to the implanted stimulators
wirelessly through mutually coupled coils.16 The stimu-
lating electrodes were divided equally between the two
implanted stimulator units, such that each stimulator
could drive 22 of the 44 electrodes.

Stimulation Parameters

Electrodes were stimulated with charge-balanced
biphasic pulse waveforms with 500 μs phase width,
500 μs interphase gap, and 1700 μs shorting
period. Stimulation was limited to a maximum of
250 nC/phase and 50 pulses per second on the basis of
results from preclinical chronic stimulation studies.14,15
The device-fitting process determined the stimulation
parameters to be deployed to the prosthesis. This
process involved identifying the subset of electrodes
that yielded useful phosphenes and setting the opera-
tional range of current levels for those electrodes.
The remaining electrodes were inactive during normal
operation of the device and only received stimula-
tion during impedance measurements and occasional
laboratory investigations. Inactive electrodes also
received residual charge recovery current during the
shorting period between pulses. In some cases, when

Table 1. Subject Demographics

Sex S1 Male S2 Male S3 Female S4 Male

Age at baseline (years) 47 63 66 39
Eye condition RP (rod cone

dystrophy)
RP (rod cone
dystrophy)

RP (cone rod
dystrophy)

RP (cone rod
dystrophy)

Visual acuity Light perception OU Light perception OU Light perception OU Light perception OU
Age when legally blind
(years)

20 34 41 13

Years of useful form
vision

34 43 56 19

Implanted eye Left Right Right Right
Study end point (weeks
postoperative)

154 156 178 181

OU, both eyes; RP, retinitis pigmentosa.
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Figure 1. Position of electrodes relative to the fovea in subject S3. (Left) Infrared fundus imaging showing the location of the stimulating
electrodes (visible as bright circles) and the silicone substrate (dark shadow) behind the retina. Concentric circles indicate degrees of visual
field relative to the fovea (reddot) according to theDrasdo and Fowler schematic eye.20,21 (Right) Electrode naming convention for a right eye
implant. Electrode A06 in the inferior–nasal region is closest to the fovea for this subject (S3). The left eye implant is identical but mirrored
horizontally. A and B refer to the stimulator unit that controlled that particular electrode (22 electrodes per stimulator).

a percept could not be reliably evoked within the
250 nC/phase limit, two neighboring electrodes were
operated in a paired configuration to increase the
effective surface area of the electrode–tissue interface,
allowing up to 500 nC/phase. If the paired electrodes
were associated with the same stimulator, then they
were operated as a shorted pair, and if they were each
associated with different stimulators, then they were
synchronously stimulated.

In some cases, an electrode that reliably yielded a
phosphene was nevertheless excluded in the deployed
stimulation parameters. This occurred when the
phosphene was confusing, indistinct, or interfered with
the detection or interpretation of other phosphenes.
For example, two neighboring electrodes may produce
phosphenes that overlap significantly within the visual
field, resulting in redundant visual information and a
confusing percept. This outcome was most common
for electrodes in eccentric locations.

Impedance Measurement

Electrode impedances were monitored longitudi-
nally for all functional electrodes. Impedance was
measured via telemetry by stimulating an electrode
with a biphasic pulse waveform (75 μA, 500 μs phase
width, 20 μs interphase gap), measuring the voltage
across the current source at the end of the first phase

using inbuilt instrumentation in the implanted stimula-
tor, and dividing the measured voltage by the stimula-
tion current. These stimulation parameters were kept
consistent for all impedance measurements reported
in this study, because the current and phase width
can affect the measured impedance. The remain-
ing electrodes were shorted together as a common-
mode return. When subjects visited the laboratory
for fitting, training, or outcome assessments, electrode
impedances were always measured at the beginning of
the session, before any other stimulation as well as at
the conclusion of the session. When a subject used
their prosthesis in daily life outside of the laboratory,
impedances were measured only once, when the device
was first powered up each day (before any other stimu-
lation).

Monitoring Electrode Locations

The distance of the electrode from the retina was
measured by manual inspection of OCT imaging,
which was monitored over time (Spectralis, Heidelberg
Engineering GmbH, Heidelberg, Germany).16 Single
section b-scans were taken through each electrode,
revealing the location of the electrode with respect to
the retinal layers. The inbuilt markup tools within the
Heidelberg Spectralis Heyex software were then used to
measure the distance from the center of the electrode
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to the inner boundary of the retinal pigment epithe-
lium. If an electrode was tilted relative to the retina,
the distance was measured along the axis perpendicu-
lar to the electrode surface. The manual measurement
was performed by three researchers who had training
in performing electrode–retina distance measurements
according to an internal standard operating procedure.
Our previous study using a subset of these data showed
excellent interobserver reliability using this method.22
When the electrode–retina distance was able to be
measured in multiple scans for any given electrode,
the average distance is presented. Data are not avail-
able for all electrodes at all timepoints because it was
not always possible to acquire clear images of the
whole array. OCT imaging was collected every 1 to 2
weeks until approximately 24 weeks after surgery, after
which imaging was less frequent (approximately every
12 weeks, subject to COVID-19 pandemic restrictions
and the availability of the subjects).

The retinotopic location of each electrode with
respect to the fovea was estimated from near infrared
fundus imaging (Clarus 500, Zeiss; Spectralis, Heidel-
berg Engineering). The location of the fovea was deter-
mined by an experienced clinician using all available
imaging modalities, and the location of the center
of each electrode relative to the fovea was measured
in mm, and then converted to degrees of visual
field according to the Drasdo–Fowler schematic eye
(Fig. 1).20,21

Perceptual Thresholds

Perceptual thresholds were measured using a two-
down one-up modified staircase procedure described
in a previous publication from our group.10 In brief,
participants were asked to respond yes whenever they
saw a phosphene (presented as 0.5-second pulse trains
at random intervals). The stimulus intensity began at
25 nC and was increased after each interval with a
no or absent response, and decreased after intervals
with two yes responses in succession. Each procedure
ended after five turning points and the threshold was
estimated as the average stimulus intensity of the last
three turning points. The step size used to increase or
decrease the charge during the staircase procedure was
1 dB (approximately 12%) until the first turning point
and 0.33 dB (approximately 4%) thereafter. Because the
threshold procedure was time consuming and fatigu-
ing for the subjects, a subset of five electrodes (or pairs
of electrodes) were selected for longitudinalmonitoring
in each subject. The electrodes were chosen to include
a selection of subfoveal and peripheral electrodes. If
the staircase procedure reached a charge of 250 nC
per phase (or 500 nC per phase for paired electrodes)

then the procedure was aborted and no threshold was
recorded.

Statistical Methods

Nonlinear regression was used to model the
change in electrode-retina distance over time using the
function:

d (t) = b0 + b1e−b2t,

where d(t) is the electrode–retina distance (in microns)
at time t (weeks from surgery), b0 is the asymptote, b1
is a scale factor, and b2 is the time constant. Models
were created separately for each subject and obser-
vations were clustered by electrode. To determine the
point at which electrode–retina distances stabilized, a
mixed effects linear model with random slopes and
intercepts per electrode was fitted to all data for each
subject separately. Data were iteratively excluded from
the model, starting with the earliest measurements and
advancing by date, until the slope of the linear model
was not significantly different from zero (95% confi-
dence interval contains zero). The relationship between
impedance and the electrode–retina distance was inves-
tigated using a mixed effects linear model clustered
by electrode fitted to the data for each patient. The
relationships between perceptual thresholds and time,
electrode–retina distance, and electrode eccentricity
from the fovea, were tested using ordinary least-squares
linear regression.

Results

Device Use

Device logs indicated that the frequency of unsuper-
vised use for subjects S1 to S3 was every 6 to 7 days on
average, for 2.3 ± 1.8 hours each instance. Subject S4
used the device on seven occasions for a maximum of
half an hour each instance. The primary use case was
for excursions outside of the home, and hence device
usage was considerably decreased during COVID-19
pandemic restrictions. Device use statistics up to 56
weeks after implantation have been reported previously
for this cohort.16 The total charge delivered during the
2018 to 2021 study period was 7.71 C for S1, 4.19 C
for S2, 18.45 C for S3, and 0.68 C for S4. Subject S4
had limited participation in the clinical trial owing to
reasons unrelated to the study. The charge delivered
per electrode per day is presented in Supplementary
Figures 3, 5, 7, and 9.
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Electrode–Retina Distances

Longitudinal electrode–retina distancemeasures are
presented for each subject in Figure 2. Fitted param-
eters for the exponential model of the electrode–
retina distance are presented in Table 2. Plots of the

electrode–retina distance for each electrode individu-
ally are available in Supplementary Figures S2, S4,
S6, and S8. For each subject, the electrode-to-retina
distance against time is well-described by an asymp-
totic exponential fit (Fig. 2, black line), suggestive of an
initial period of increasing distances immediately after

Figure 2. Longitudinal electrode–retina distance measures for all 44 stimulating electrodes for subjects S1 to S4. Data from all electrodes
are included, but not all electrodes are represented at every time point. An asymptotic exponential model was fitted to the data (solid black
line), suggesting an initial period of increasing distances that then settled to a stable value that wasmaintained for the rest of the study. The
dashed black line indicates the switch-on date for each subject. There was no significant change in the average electrode-retina distance
after 51 weeks postoperative for S1, 63 weeks postoperative for S2, and 17 weeks postoperative for S3, indicated by dashed red lines (linear
model, Pgradient > 0.05). For S4, the electrode–retina distances continued to increase for thedurationof the study, but seem tobe approaching
an asymptote.

Table 2. Fitted Parameters for Increasing Electrode–Retina Distance Over Time

Participant Parametera Coefficient 95% CI P Value

S1 b0 501.9 [480.6 to 523.1] <0.001
b1 −171.2 [−198.9 to −143.5] <0.001
b2 0.0516 [0.0394 to 0.0641] <0.001

S2 b0 352.8 [329.5 to 376.1] <0.001
b1 −122.1 [−143.2 to −101.0] <0.001
b2 0.0417 [0.0323 to 0.0511] <0.001

S3 b0 638.6 [585.9 to 691.3] <0.001
b1 −460.4 [−523.5 to −397.2] <0.001
b2 0.1554 [0.1309 to 0.1804] <0.001

S4 b0 566.2 [532.6 to 599.9] <0.001
b1 −255.0 [−278.7 to −231.3] <0.001
b2 0.0126 [0.0078 to 0.0173] <0.001

aFitted to the model d (t) = b0 + b1e−b2t , where d(t) is the electrode–retina distance at time t, b0 is the asymptote, (b0 + b1)
estimates the average ER distance at day 0, and b2 is a time constant.
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Figure 3. Heat maps showing electrode-retina distances across the electrode array for each subject (S1–S4) at device switch-on (left
column) and at the study end point (right column). Color represents electrode to retina distance in microns. Black circles indicate electrode
locations. A black cross marks the approximate location of the fovea for each subject. S1 received the implant in the left eye, and S2 to S4
received the implant in the right eye.

implantation, which then settled to a stable distance
that was maintained for the rest of the study. There was
no significant change in the electrode–retina distance
after 45 weeks postoperative for S1, 63 weeks postop-
erative for S2, and 24 weeks postoperative for S3. For
S4, a statistically significant increase in electrode-retina
distance continued for the duration of the study (181
weeks), but the rate of increase slowed with time and
the distance seems to be approaching an asymptote.
At the study end point, the rate of increase in the
electrode–retina distance for S4 was just 0.33 microns
per week (nonlinear model). This analysis is limited

by the sparsity of data after 43 days postoperative
for S4, which is due to limited engagement in the
study by this participant (for reasons not related to the
study).

The variation in the electrode–retina distance across
the electrode array is visualized in Figure 3, which
shows measurements from the switch-on date (approx-
imately 8 weeks postoperative) and the study end point
(S1, 154 weeks; S2, 156 weeks; S3, 178 weeks; S4, 181
weeks). The distance from the retina is represented
by color. The electrode–retina distances increased
between switch-on and end point for all subjects. For
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Figure 4. Longitudinal impedance measures for subjects S1 to S4, showing only impedances measured before any other stimulation
each day.

S1 and S4, electrodes near the fovea were further from
the retina than eccentric electrodes, whereas for S2 and
S3, the electrodes near the fovea were generally closer
to the retina.

Impedances

Four electrodes in total failed (open circuit) within
8 weeks after surgery; one for S1, two for S2, and
one for S4. Impedance data from failed electrodes
were not analyzed. Figure 4 displays the longitudi-
nal electrode impedance measures for each subject,
showing only impedance measurements before any
stimulation each day. All subjects experienced some
volatility in impedance in the initial weeks after surgery,
before settling to a stable range of 10 to 16 k�

for the remainder of the study. For S2 and S3,
certain electrodes experienced transient high or low
impedances, which are visible as outliers in Figure 4.
These findings are examined in further detail elsewhere
in this article. Impedance is plotted against electrode–
retina distance in Figure 5, where each electrode–retina
distance measurement is paired with an impedance
measurement from the same date, demonstrating that
impedances decreased with electrode–retina distance
(mixed effects linear model, P < 0.001).

Figure 5. Impedance decreased with increasing electrode-retina
distance. The black line represents a mixed-effects linear model
fitted to impedance versus electrode-retina distance with subject as
a random variable (P < 0.001).

Perceptual Thresholds

Although electrode combinations were not tested
exhaustively, stimulation within the predefined charge
density limit yielded phosphenes for 27 of 44 electrodes
(61.4%) for S1, 32 (72.7%) for S2, 24 (54.5%) for
S3, and 25 (56.8%) for S4, comprising predominantly
foveal electrodes with sparser density at the periphery.
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Figure 6. Perceptual thresholds for a subset of five electrodes per subject. Circles represent single electrodes, and crosses represent
electrodes that were operated as synchronous or shorted pairs, whichwere typically used in peripheral locations where higher charge levels
were required. Regression models fitted to the data are represented by solid lineswhen the gradient was significantly different from zero (P
< 0.05) and dashed lines otherwise. (A) Perceptual thresholds and exponential fit over time. (B) Perceptual thresholds and linear fit against
electrode eccentricity from the fovea. For shorted/synchronous pairs, the eccentricitywas calculated from the centroid of the two electrodes.
(C) Perceptual thresholds and linear fit against electrode–retina distance. For shorted/synchronous pairs, the average distance for the two
electrodes is shown.

Note that not all electrodes that yielded a phosphene
were included in the stimulus configuration that was
deployed to the subject’s device.

Perceptual thresholds for the subset of electrodes
(or pairs of electrodes) that were selected for longitudi-
nal monitoring are plotted against time in Figure 6A.
Exponential regression models are fitted to the data
for each subject. Thresholds decreased over time
for S1 (−1.35 nC/week, P < 0.001) and for S3
(−1.40 nC/week,P< 0.001), suggesting familiarization
with the phosphenes over time. Thresholds increased

slightly over time for S2 (0.43 nC/week, P = 0.021),
and there was no significant change in thresholds
over time for S4 (P = 0.13). Thresholds increased
with eccentricity from the fovea in S2, S3, and S4,
but decreased with eccentricity in S1. This differ-
ence might be because the electrode–retina distances
were greatest along the foveal edge of the array for
S1 (Fig. 3). A significant correlation between percep-
tual thresholds and electrode–retina distances was
observed only for S2 (0.41 nC/μm, P < 0.001). Percep-
tual thresholds remained measurable for all of the
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tracked electrodes, and were sufficient to allow at least
2 dB of dynamic range within the predefined charge
limits.

Transient Decrease in ImpedanceWith
Charge

Stimulation was associated with a short-term
decrease in the impedance of the stimulated
electrode. Figure 7 shows the percentage change in
impedance over each day of stimulation, measured
from the first impedance measurement of each
day (before any stimulation) to the final impedance
measurement of the day (after all other stimulation).
The total charge delivered to the electrode over the
day is plotted on the horizontal axis, which is scaled
logarithmically. When electrodes were stimulated
as a shorted pair, it is assumed that each electrode
received one-half of the total charge delivered. Data
are excluded from days on which the only stimula-
tion that occurred was for the purpose of measuring
impedance. Data are only included from days on which
the prosthesis was used exclusively in the laboratory
to ensure no stimulation occurred before the initial
impedance test or after the final test. A logarithmic
model was fitted to the data (Fig. 7, black line; P <

0.001 for all subjects). Impedance began to decrease
after approximately 0.01 mC of charge was delivered,

equal to forty pulses at 250 nC per phase, and the
greatest change recorded was –68%.

Stimulus-related Changes in Impedance

Although impedances were generally stable longi-
tudinally, a small number of electrodes experienced
transient changes in impedance that correlated with
periods of increased stimulation. Two such examples
are presented in Figure 8. Figure 8A displays longi-
tudinal impedance measures for S2 for electrodes A20
and B20, which have neighboring positions in the
electrode array. Impedance for these two electrodes
decreased temporarily significantly between approxi-
mately 30 and 70 weeks postoperatively, reaching a
low of approximately 8 k� at 41 weeks postoper-
atively, down from approximately 14 k� (Fig. 8A).
The onset and offset of the local minima corre-
sponded very closely to a period of increased stimu-
lation for these electrodes (Fig. 8C), and the peak
in stimulation levels approximately coincided with
the lowest impedance measurement. As stimulation
levels subsided, impedance gradually returned to its
initial value of approximately 14 k�. This activity
did not seem to affect the electrode–retina distance
for these electrodes, which maintained a slow increase
that had begun before the period of increased stimu-
lation levels (Fig. 8B). Impedances of the electrodes

Figure 7. Impedance of electrodes decreased temporarily as they received stimulation. Changes in impedance from the start of eachday to
the end of each day for individual electrodes are plotted against the total charge delivered to the electrode over the course of the day. Data
are excluded if the only stimulation delivered to an electrode was for impedance measurement. Note that the horizontal axis is logarithmic.
A logarithmic function was fitted for each subject, represented by black lines, and the 95% CI indicated by gray lines.
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Figure 8. Stimulus-related changes in impedance were observed for a small number of electrodes. (A) Longitudinal impedance measures
for S2 for electrodes A20 (blue) and B20 (red). (B) Electrode–retina distance for S2 electrodes A20 and B20. (C) Daily charge delivered to S2
electrodes A20 and B20. (D) Longitudinal perceptual thresholdmeasures for S2 electrodes A20 and B20 (operated as a pair). (E) Longitudinal
impedancemeasures for S3A18 (blue) andB10 (red). (F) Electrode–retina distance for S3 electrodesA18 andB10. (G) Daily chargedelivered to
S3 electrodes A18 and B10. (H) Longitudinal perceptual thresholdmeasures for S3 electrodes A18 and B10 (operated as a pair). Note that the
vertical scales differ between subjects. Only impedance measures taken at the start of each day (before any other stimulation) are included.
Impedance is smoothedusingamedianfilterwith awindowwidthof 14days. Inboth cases, the twoelectrodesoccupyneighboringpositions
on the electrode array and were operated as a shorted pair, so the charge delivered to each electrode is the same.

adjacent to A20 and B20 were unaffected. Similar
observations were made for S3 for electrodes A18 and
B10, which also neighbor each other on the array,
and are presented in Figure 8E through H; a tempo-
rary decrease in impedance occurred between 20 and
50 weeks postoperatively, coinciding with a period of
increased levels of stimulation, and electrode–retina
distances were not obviously affected.

Passive Changes in Impedance

Transient changes in impedances that were appar-
ently unrelated to stimulation were observed over a

large area of the array in one of the subjects (S3)
between 115 and 140 weeks postoperatively. Figure 9
displays longitudinal impedances and electrode–retina
distances for two groups of electrodes: a cluster
of electrodes near the temporal edge of the array
(blue) and a group of electrodes along the superior
and inferior edges of the array (red). A sudden
spike in impedance was observed at approximately
114 weeks postoperatively in both groups of electrodes
as shown in Figure 9. This spike was immediately
followed by a local minima in impedance for the
group of electrodes near the temporal edge (blue)
that lasted until approximately 140 weeks postoper-
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Figure 9. Changes in impedance that were apparently unrelated to stimulation were observed in S3 for a large number of electrodes
between 115 and 140 weeks postoperatively. The affected electrodes are categorized into two distinct groups (blue and red) based on the
shapeof the impedance curve. (A) Longitudinal impedancemeasures for thefirst groupof electrodes (blue). (B) Longitudinal electrode–retina
distance measures for the first group of electrodes. (C) Schematic of the array showing the first group of electrodes highlighted in blue. The
approximate location of the fovea is indicated by a black cross. (D) Longitudinal impedance measures for the second group of electrodes
(red). (E) Longitudinal electrode–retina distance measures for the second group of electrodes. (F) Schematic showing the second group of
electrodes highlighted in red. The approximate location of the fovea is indicated by a black cross. Impedancemeasureswere smoothed using
amedian filter with a windowwidth of 14 days. Note that these electrodes had been deactivated in the stimulation configuration deployed
to the subject’s device, and therefore received no stimulation except for impedance tests.

ative. Electrode–retina distances increased marginally
during this time (Fig. 9B) before returning to previous
values; however, electrode–retina distance measures
are only available for a small subset of the affected
electrodes during this period. The electrodes in both
groups (blue and red) had been deactivated in the
stimulation configuration deployed to the subject’s
device, and therefore received no stimulation during
this period except for impedance tests. A second very
similar spike in impedance followed by a local minima
occurred between 155 and 170 weeks postoperatively,
but OCT imaging was not acquired during this period
owing to the COVID-19 pandemic. Electrode–retina
distance measurements immediately around this event
are limited to weeks 143 and 172. S3 reported sponta-
neous phosphenes (in absence of stimulation) twice
during this period.

Discussion

This study reported observations regarding changes
in the electrode-tissue interface during chronic stimu-
lation with the second-generation (44-channel) supra-
choroidal retinal prosthesis. Electrode impedances,
electrode–retina distances, and perceptual thresholds
were monitored in four recipients of the prosthesis
over more than 154 weeks after implantation. During
this time, the subjects used their prostheses in their
daily lives and during regular training and assess-
ments in the laboratory. For all subjects, electrode–
retina distances increased in the months after implan-
tation as expected from preclinical studies showing
the development of a fibrotic capsule around the
array.13,14
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In three subjects, electrode–retina distances had
plateaued by 15months postoperative (45 weeks for S1,
63 weeks for S2, and 24 weeks for S3) and remained
stable for the rest of the study. In the final subject,
S4, the increase in electrode–retina distances remained
statistically significant for the duration of the study,
but the distance seems to be approaching an asymp-
tote. At the study end point, the rate of increase for
this subject was 0.33 microns per week, equivalent to
just 17 microns per year if we assume a worst case
constant rate (although the rate of increase seems to
be decreasing over time, in congruence with the other
subjects). This change is unlikely to be clinically signifi-
cant and is approaching the limits of accuracy of OCT
axial resolution (5 μm). Total charge delivered over the
course of the study was smaller for S4 compared with
the other subjects by more than six times, supporting
the notion that the ongoing changes in the electrode–
retina distance were unlikely to be stimulus related.

Perceptual thresholds decreased over time in
subjects S1 and S3, which may suggest familiariza-
tion with the phosphenes or biological effects that were
not detectable in this study. For subjects S2 and S4
perceptual thresholds increased slightly over the course
of the study, although this effect was only statistically
significant in S2. This could be explained by the fact
that electrode-retina distances were slower to stabilize
after surgery in S2 and S4 compared with S1 and
S3, because an increased electrode–retina distance is
expected to lead to increased perceptual thresholds.

In our previous trial of a prototype suprachoroidal
retinal implant, electrode–retina distances trended
upward over time.10,11 It was hypothesized that high
stimulation currents and pulse rates may have triggered
inflammation or continued fibrotic growth, pushing
the retina. Increasing electrode–retina distances led
to increasing perceptual thresholds, requiring yet
higher stimulation levels to evoke a percept, further
compounding the effect. After further preclinical inves-
tigation15 the charge density limits were revised for
the second-generation prosthesis from 237 μC/cm2 in
the previous clinical trial to 32 μC/cm2 for the present
study. This change was achieved by increasing the
electrode diameter (now ø1 mm compared with 0.6
mm and 0.4 mm) and decreasing the maximum allow-
able charge per phase. The maximum stimulation rate
has also been decreased from 400 to 50 pulses per
second. Our finding that electrode–retina distances
and perceptual thresholds were stable supports the
notion that chronic stimulation at these levels did not
lead to changes in the electrode–tissue interface that
adversely affected device function. Although enlarg-
ing the electrodes is generally expected to lead to
a decreased spatial resolution, the second-generation

device still provided significant improvement in visual
function tasks (including a grating acuity task) and
activities of daily living.16–18

This study is limited to four subjects with end-
stage retinitis pigmentosa, observed over a maximum
of 181 weeks postoperatively. Owing to limitations
imposed by the COVID-19 pandemic, the follow-up
period was different for each subject and there were
sometimes long intervals between OCT data collection,
which particularly limits our ability to detect short-
term fluctuations in the electrode–retina distance. Use
of the prosthesis in daily life was encouraged but not
controlled. Habitual use patterns and the cumulative
charge delivered over the study varied significantly
between subjects.

Transient Impedance Changes

Although impedances were generally stable over
time, transient changes in impedance lasting up to 40
weeks were observed in a small number of electrodes
in subjects S2 and S3. In some cases, the change
in impedance seemed to be stimulus related—a
decrease in impedance corresponded closely with a
period of high use of the affected electrodes, and
impedances returned to normal values when stimula-
tion ceased. The affected electrodes had relatively high
charge requirements (perceptual thresholds), which is
typical of peripherally located electrodes. The adjacent
electrodes to the ones that displayed transient changes
were not affected, and there was no detectable change
in electrode–retina distances. We hypothesize that
high levels of stimulation on the affected electrodes
provoked a localized acute inflammatory response that
decreased impedance. However, the inflammationmust
have been very minor and highly localized so as not
to affect neighboring electrodes or cause a noticeable
change in the electrode–retina distance. A change in
stimulation parameters may be appropriate in cases
where changes in impedance do not recover within a
day.

Transient changes in impedance also occurred for
electrodes covering a large area of the array in S3
between 115 and 140 weeks postoperative (Fig. 9).
Initially, impedances increased abruptly and then
quickly recovered. This was immediately followed by
a temporary decrease in impedance for electrodes
in a cluster near the temporal edge of the array,
where the electrode–retina distances were greatest. It
is unlikely that this change was in response to stimu-
lation, because the affected electrodes received very
little stimulation over the course of the study. The
initial spike in impedance was greatest for electrodes
along the superior edge of the array, and the leadwires
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servicing those electrodes are bundled together and
would experience similar mechanical forces. The subse-
quent local minima in impedance primarily affected
electrodes near the temporal edge of the array, and
we hypothesize this is due to an acute inflammatory
response in the area. The patient reported sponta-
neous phosphenes (in absence of stimulation) twice
during this period, which could have been triggered
by mechanical pressure on the retina. Although it is
generally expected that the implant is mechanically
stable after the first few months after the surgery, we
hypothesize that the observed short-term impedance
changes were related to a mechanical perturbation of
the implant, but the exact origins are unclear. Never-
theless, the participant continued to use the device at
home without further issue.

Rapid Impedance Changes

We observed very short-term decreases in electrode
impedances upon stimulation. Changes in impedance
were observed after as little as 10 μC of charge
(equivalent to just 0.8 s of stimulation at the safe
charge limit of 250 nC per pulse and 50 pulses
per second). When the cumulative charge delivered
over the course of a day was in the order of milli-
coulombs, decreases in impedance as high as 60% were
routinely observed. Impedances recovered to normal
values during inactive periods, as evidenced by the fact
that impedances measured before stimulation each day
were stable longitudinally. Similar transient stimulus-
induced reductions in impedance have been reported
in cochlear implants. It is thought that a loss of
protein cover over the electrode surface after stimula-
tion leads to decreased polarization impedance, which
then recovers during inactive periods as protein cover
returns.23,24

Factors Affecting Perceptual Thresholds

Previous studies in suprachoroidal and epireti-
nal implants have reported a correlation between
electrode–retina distance and perceptual thresh-
olds.6,7,9,10,25,26 In the present study, perceptual
thresholds increased with electrode–retina distance
in three of four subjects, but this effect was only
statistically significant in one subject. The correlation
between electrode–retina distance and thresholds may
have been confounded by other factors. For example,
thresholds are expected to be higher for electrodes in
peripheral retinal locations, where density of retinal
ganglion cells is lower and retinal degeneration in
retinitis pigmentosa typically most advanced.

Conclusions

Device functionality remained within the prede-
fined charge limits for all four subjects. Electrode
impedances and electrode–retina distances were stable
after an initial period of increase following implan-
tation. Transient changes in impedance that seemed
to be stimulus related were observed for a small
number of electrodes in two subjects, but these changes
resolved when stimulation ceased and did not result
in any observable permanent physiological or percep-
tual changes. Chronic electrical stimulationwith the 44-
channel suprachoroidal retinal implant within a charge
density limit of 32 μC/cm2 per phase is suitable for
long-term use in humans with retinitis pigmentosa.
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